Abstract
Introduction
The dramatic increase in life expectancy during the last century is unprecedented in human history. Many of the early gains in life expectancy can be attributed to decisive victories against childhood infectious diseases, but in the second part of the 20th century, gains shifted to chronic diseases that essentially affected the elderly (Oeppen and Vaupel 2002) . Reduction of death rates above age 65 played a larger role, accounting for 30% of the improvements (Bourbeau and Smuga 2003) . Overall, data from various countries indicate that progress has been greater for women than for men, and more rapid in recent than in earlier decades ).
As mortality rates began to plunge at older ages, centenarians became the fastest growing segment of many industrialized populations (Vaupel and Jeune 1995; Robine and Caselli 2005) . In Canada, 151 death certificates indicated an age over 100 in 1959, which is two times the 1921 count. In 2003, 1,597 deaths of centenarians were recorded, ten times the 1959 count (Bourbeau and Desjardins 2006) . Verified data from the Canadian Human Mortality Database (CHMD) show a similar trend for Quebec, with 64 centenarian deaths in 1975 and 425 in 2005. As elsewhere, the elderly now benefit from a deceleration in mortality (Thatcher et al. 1998; Vaupel et al. 1998) , and recent cohorts of centenarians are surfing on a mortality plateau. A fascinating phenomenon itself, the emergence of centenarians also holds major implications for our society. It is therefore important to understand the conditions predisposing individuals to exceptional survival.
Despite spectacular advances, we still have limited knowledge of old-age survival (Christensen and Vaupel 1996) . In addition to genes and biological robustness, lifestyle (e.g., smoking or diet), physical and mental activity, exposure to pathogens or chemicals, and access to medical care and social support are all important determinants of longevity. The general presumption is that adult lifestyle and socioeconomic position give rise to chronic health conditions, which develop over the life course (Elo and Preston 1996) . However, as the family of origin generally sets the stage for adult life achievement, research on aging and health is increasingly turning to childhood, where the earliest gains in life expectancy were achieved.
An important part of longevity thus comes from early-life familial influences. The family unit is the primary source of transmission of social, environmental, cultural, biological, and genetic factors that may underlie differences in health and mortality. Parents can indeed increase their children's potential for a long life through favourable genetic endowment or through the provision of beneficial economic resources very early in life (Smith et al. 2009 ). Siblings also share 50% of their genes on average (Gagnon et al. 2005 ) and, to a large extent, the same environmental and social conditions during childhood. They may also influence each other's health and longevity through mutual support in old ages (Mazan and Gagnon 2007) .
The familial clustering of exceptional longevity
The existence of a familial transmission and aggregation of longevity is now well established (Beeton and Pearson 1901; Bell 1918; Pearl 1931; Abbot et al. 1978; Philippe 1978; Bocquet-Appel and Jakobi 1990; Cournil et al. 2000; Gavrilov and Gavrilova 2001; Gavrilov et al. 2002; Atzmon et al. 2005; Caselli et al. 2006; You et al. 2010) . Most research in the area has focused on the survival of relatives of individuals who reached advanced ages. A study of Mormon genealogies showed that siblings of probands who have reached the 97th percentile of their cohort in terms of age had a life expectancy 14.8 years longer than that of 5,000 randomly selected individuals within the same population (Kerber et al., 2001 ). These results are quite similar to those found previously by Gudmundsson et al. (2000) in Icelandic genealogies. In this study, first-degree relatives of probands living to the 95th percentile were found to be almost twice as likely to achieve the 95th percentile compared to controls (Gudmundsson et al., 2000) . A study conducted on a sample of 1,655 Pennsylvania Amish born prior to 1890 also showed that parental and siblings' ages at death were significantly correlated, as parents and siblings of long-lived individuals had a high probability of surviving to very old age (Mitchell et al. 2001) . Schoenmaker et al. (2006) analyzed the survival experience in Dutch families with at least two long-living siblings. Standardized mortality ratio for siblings of the long-living participants was 0.66, whereas that of the parents was 0.76.
In pre-industrial Quebec, the study conducted by Blackburn et al. (2004) recognized a significant association between the ages at death of siblings. This study revealed greater lifespan variability for sisters than for brothers, corroborating observations from Desjardins and Charbonneau (1990) of a higher correlation in ages at death among brothers than among sisters. Mazan and Gagnon (2007) explored the same relationships for individuals born between 1625 and 1704 and also found a high dependency in ages at death among siblings, with reduction in mortality risks of 2.1% and 1.6%, respectively, for men and women, for each additional year of increase in the average age at death among their siblings. On the other hand, using hierarchical modeling, the authors found very little evidence for a strong parent-offspring association and argued that such association, at least in pre-industrial context, has been generally overemphasized and overestimated.
A number of studies have analyzed the familial component of longevity through the pedigrees of centenarians. Perls et al. (1998) compared the siblings of 102 centenarians with the general population, and found that the survival ratio of these siblings increased with age, to such an extent that they were about 4 times as likely to live to age 91 as the siblings of people who died at age 73. Perls and his colleagues (2002a) conducted a second study, in which they compared the survival of siblings of 444 centenarians from the New England centenarians Study (NECS) with the US 1900 cohort. This study revealed that, starting from age 20, brothers of centenarians were 16.95 times more likely to live to age 100 compared to their birth cohort, while the corresponding figure for sisters of centenarians was 8.22. In addition, the death rates of siblings of centenarians were about one-half those of the general population at most ages. Comparable work has been conducted in Okinawa, an island prefecture of southern Japan well known for the longevity of its people and home to one of the highest concentrations of centenarians in the world. In an article published in 2006, B.J. Willcox and colleagues added to this body of research by comparing the survival of siblings of 348 centenarians with that of the 1890 Okinawan general population cohort. A survival advantage for siblings of centenarians, for both men and women, was again reported, with approximately half the mortality of their birth cohort-matched counterparts.
Despite extensive evidence supporting the familial aggregation of longevity, there is less evidence available on the impact of shared environment in adulthood. Such sharing can nevertheless be easily explored by the age at death of spouses (Westendorp and Kirkwood 2001) . In an article published in 2000, Gudmundsson et al. (2000) found a positive correlation of death rates between spouses, although the relationship was weak. Blackburn et al. (2004) found a mean age at death of 66.3 years for men whose wife died between 50 and 54 years of age, and 69 years for men whose wife died after 85 years of age, a difference of 2.7 years. The relationship was even stronger for women, with a corresponding difference of 4.3 years. These observations agree with those of Mazan and Gagnon (2007) which confirmed that both men and women benefit from the longevity of their spouses. For men, each additional year of life of their spouse reduced their risk of death by 0.6% (6% for 10 years), while the corresponding figure was 0.5% for women (5% for 10 years).
The inclusion of age at death of spouses allows to control for the shared environment in adulthood, because spouses who have shared many aspects of their daily life for several years are likely to benefit from the longevity of one another (Mazan and Gagnon 2007; Drefahl 2010) . Nevertheless, although a few studies have stressed the importance of spouse survival on longevity, we have little information on the effect of this component at very old ages, let alone in families of centenarians.
The purpose of this paper is to contribute to the understanding of the association between familial longevity and individual successful aging. We examine the mechanisms that influence the aggregation of longevity in families including at least one centenarian by comparing the survival experience of siblings of centenarians and of spouse of centenarians to that of their respective birth cohorts. The question is: Do siblings and spouses of centenarians live longer than the general population?
Data and methods
Centenarian information was obtained from a list of registered deaths provided by the Institut de la Statistique du Québec, which contains records on centenarians who died between 1985 and 2005 in the province. Only French Canadian Catholics who were born and who died in Quebec were retained. Age validation of the centenarians was made by linking the baptism certificate, found in the parish registers, to the burial certificate (Beaudry-Godin 2010). 
Selection of cases and family reconstitution
We identified 3,100 siblings of centenarians for whom we had information on their date of death. Of these, 2,954 lived at least to age 40, and their average year of birth was 1895. The spouses of centenarians were found in the parish registers, which were made available for the years 1800-1940 by the Projet BALSAC (Université du Québec à Chicoutimi). We could verify if the spouse from the first marriage remained the same throughout life by looking at the death certificate, which includes the name of the husband or the wife of the deceased, along with the civil status. Few marriages ended in separation or widowhood. In the very rare cases where an individual did remarry, the marriage with the longest duration was retained for the analysis. We found 390 dates of death for the original 596 spouses, representing 65% of our spouse sample. Since our focus is on old-age mortality, and early deaths are not related to the biology of aging (Vaupel 1988; Mazan and Gagnon 2007) , only individuals who survived to age 40 were included in our sample. Thus, the final sample is based on 2,954 siblings of centenarians, or 1,541 brothers and 1,413 sisters, as well as 76 wives and 314 husbands.
In order to compare the survival of siblings and of spouses of centenarians to that of their birth cohorts, we used a control sample extracted from the Canadian Families Project five-percent 1901 Canadian Census sample (Sager 2001) . We selected from this random sample families with at least one child born between 1885 and 1901. Only French Canadian Catholics who went on to live at least to age 40 were selected. Of this control sample, 3,784 individuals (1,906 women and 1,878 men) were matched to their death records. Note that the average year of birth of the control sample was, as in the case of siblings of centenarians, 1895.
As mentioned previously, we did not find all the deaths of all the individuals who were included in our base sample. The missing death records are due in part to deaths occurring before 1926, i.e., the year of the establishment of the Quebec death register records. They may also be the result of difficulties in identifying individuals, a problem that often occurs when there are errors in the first name or the date of birth. In addition, the high frequency of several names complicated the identification and record linkage processes further, and it is also possible that some individuals who were born in Quebec emigrated and died outside of the province. Finally, it is possible that a few individuals who were retraced in the early 20th century censuses as children were still alive in 2004 (Pilon-Marien et al. 2009 ).
Estimating the survival function: the non-parametric approach
We first calculated the mean age at death of siblings and spouses of centenarians, conditional on survival to age 40. Second, we estimated the survival probabilities of these individuals from age 40 to older ages, as well as the associated confidence intervals. These results were then compared to the corresponding estimates obtained for our control sample.
The survival function, denoted S(t), is defined as the probability that an individual survives beyond time t. This function can be estimated by
Survival probabilities from age 40 until age x, based on the equations given by Klein and Moeschberger (1997) , were computed as follows: S is based on the probability that an individual survives to the end of an interval of time, knowing that the individual was present at the beginning of the interval.
The variance of the survival curves was estimated by the Greenwood's formula, and the 95% confidence intervals were calculated as: 
The sibling survival curves were compared with the corresponding survival curves of the control group to examine whether centenarian siblings had a higher survival probability compared to the general population. Table 2 compares the mean ages at death of siblings and spouses of centenarians with the corresponding estimates for their respective birth cohort, conditional on survival to age 40. For men, the mean age at death was 75.4 years, whereas it was 79.3 years for their female counterparts. As for the control group, the mean ages at death were 71.8 and 75.4 years, respectively, for men and women, resulting in a survival advantage of about 4 years for siblings of centenarians relative to their sex. Since the socioeconomic environment during adult life appears to play a significant role in longevity, we took into account the ages at death of the spouses of centenarians. In our analysis, only first marriages were selected, unless the first marriage was of very short duration. This restriction was introduced to take into account long-term marriages only, i.e., where a meaningful influence of shared environment could be observed.
Results
As expected, a survival advantage was also observed for the spouses of centenarians. Conditional on survival to age 40, the mean ages at death of wives and husbands were 75.7 and 77.9 years, respectively. Husbands of centenarians lived almost 4 years longer than their contemporaries, while the corresponding figure was 2.5 years for women. Contrarily to men, women benefited more from having a centenarian among their siblings than from being married to a centenarian. A t-test was performed and allowed us to conclude that the difference was unlikely due to chance (p=0.005). Table 3 shows the survival probabilities, including their 95% CI values, from age 40 to older ages for the siblings of centenarians compared with their respective birth cohort. As shown in this table, siblings of centenarians experienced a survival advantage throughout their lives relative to their birth cohort and the advantage cumulatively increased at older ages. Sisters of centenarians were 1.6 times as likely to survive from age 40 to age 90 and 2.5 times as likely to survive from age 40 to age 100. As for brothers of centenarians, they were found to be approximately 1.5 times more likely to survive from age 40 to age 80 and nearly twice as likely to reach 90 when compared with men from their birth cohort. The number of men who lived pass 90 years is too small to warrant statistical significance. Survival curves from age 40 for siblings of centenarians (men and women) compared with their respective birth cohorts are shown in Figure 1 . The survival probabilities demonstrate that siblings of centenarians experienced a longer life than the general population and kept this advantage through very old ages (p=0.001). For sisters of centenarians, the median life expectancy was about 4 years higher (82 years) when compared with women from their birth cohort (78 years). As for brothers of centenarians, the survival advantage was also considerable, their median age at death being 77 years compared to 73 years for men in the general population. Figure 2 displays survival curves for spouses of centenarians conditional on survival to age 40 compared with their respective birth cohorts, as well as with siblings of centenarians. Wives of centenarians experienced a survival advantage throughout life relative to their birth cohort. Nonetheless, sisters of centenarians appear to have the longest lives among all three groups. The number of male centenarians, however, was too small to yield reliable estimates for their spouses. For husbands of centenarians, survival curves show a significant survival advantage compared to the control population (p=0.001). We can also observe that before the age of 75, they even experienced a lower mortality than the brothers of centenarians. There is, however, a crossover in the survival functions at age 75 approximately, and after that age, brothers of centenarians had a lower mortality and more chance to achieve very old age than husbands of centenarians did.
Further, we hypothesized that the longer the duration of the marriage, the greater was the effect of sharing a common environment on longevity. As shown in Figure 3 , spouses whose marriage before age 40 had lasted at least 15 years survived longer than those whose union lasted less than 15 years, although the result is only marginally significant (p=0.0842).
Subsequently, we decomposed the effect of the centenarian's gender on the longevity of their siblings by sex in order to see whether having a centenarian brother offered higher chances of living to an old age than having a sister who achieved 100 years. In other words, the question is: Is it more beneficial to have a sister or a brother who lives to age 100? As it turns out, if women benefit from having a centenarian among their siblings, the sex of that sibling brings no additional influence on their survival (Fig. 4) . However, for a man, having a centenarian brother is more beneficial to survival than having a centenarian sister, the difference being statistically significant (p= 0.001).
Discussion
The results of our survival analysis demonstrate a strong familial component to longevity. It seems undeniable that having or not having a centenarian sibling is a powerful determinant of survival after age 40 for both men and women. These results agree with those of Perls et al. (1998 Perls et al. ( , 2002a and B.J. , who proposed that siblings of centenarians experience a favourable survival profile throughout their lives. It is not surprising to observe an association between siblings' life duration, as they share about 50% of their genes. Overall, studies have indicated that a modest amount of about 25% of the variation in human lifespan may be genetically influenced, whereas almost 75% could be attributable to environmental factors (Christensen and Vaupel 1996; Herskind et al. 1996; Ljungquist et al. 1998; Cournil et al. 2000; Kerber et al. 2001) . However, these studies were conducted in populations where few individuals have reached their 85th birthday. For people reaching very old ages, genetics may take a larger share of their survival (Perls et al. 2002b) . In this regard, Hjelmborg and colleagues (2006) , analyzing the survival of Danish, Swedish and Finnish twins born between 1870 and 1910, have recently shown that the genetic component tends to increase with age (Hjelmborg et al. 2006) .
Genetic research has highlighted an impressive selection of genes that may be excellent candidates in the modulation of lifespan. Biomolecular studies of centenarians have allowed the identification of genetic variants that promote or prevent the achievement of human longevity. A study of a population of 338 French centenarians and 164 control individuals has shown an association between the apolipoprotein E gene and longevity outcomes (Schachter Age   Survival   40  45  50  55  60  65  70  75  80  85  90  95 The Apolipoprotein E gene, also known as the "frailty" gene, is one of the most studied genes in longevity and health research, as it affects the age-specific susceptibility to death . The results indicate that the ε4 allele of APOE, which is associated with an increased risk of coronary heart and Alzheimer's diseases, is significantly less frequent in centenarians than in controls, while the frequency of the ε2 allele, associated with a longer life and preserved cognitive functions, is significantly increased. Further research is needed to understand the likely impact of genes on human longevity, and although this influence is practically certain, it is also known to be modulated and modified by environmental influences. Thus, because siblings not only share a similar genetic background but also common environments, habits, and behaviours, it is plausible that the survival advantage of siblings of centenarians could be in part the result of exposure to the same environment during childhood (Crow and Johnson 2005; . Another key result of our paper is the higher benefit of having a brother who lived to age 100 for men in comparison with having a sister who lived to that age, a sex-specific benefit not seen for sisters of centenarians. Several factors related to the time period and the historical context could explain these results. Centenarians' families originated mostly in rural areas, where brothers tended to work together, migrate together, and settle on land near each other. Many of them became farmers themselves in adulthood, an occupation associated with lower mortality (Gagnon et al. 2011) . On the other hand, women, who did not inherit farmland, were more likely to move to the city or to migrate to their spouse's familial land (Gossage 1999) . Mutual aid and familial solidarity was likely more prevalent among male siblings in this patrilocal society, right from the outset of colonization. Mazan and Gagnon (2007) found that associations in ages at death were stronger for brothers living in the same region than for sisters, suggesting that mutual support among congregating groups of male siblings living in close geographical proximity was key to survival on the vast Canadian frontier.
The inclusion of spouses' ages at death as a predictor of longevity adds a new dimension to previous studies that have focused almost exclusively on first-degree relatives. We have seen that the survival of spouses, who are unrelated genetically, may serve as an indicator of environmental risk. Our results show a significant survival benefit for husbands of centenarians compared to the general population, suggesting that a shared common environment in adulthood affects their longevity and reflects a similar mortality risk. However, after age 75 the survival correlation between spouses lessens, and men seem to benefit more from being a sibling than a spouse of a centenarian. As for the wives of centenarians, despite their small sample size, they also experienced a longer life in comparison with their female counterparts in the general population. Several theories have been proposed to explain the similarity in spouse mortality patterns, one of the most important being the shared resources hypothesis, proposing that sharing the same environment within the household leads to shared mortality risks. Indeed, since spouses are generally exposed to the same socio-sanitary conditions, the same dietary habits, and the same socioeconomic environment, they will tend to have a similar life duration (Smith and Zick 1994) . Therefore, spouse survival should depend on the duration of the marriage; the longer the marriage, the greater the similarity of ages at death should be, suggesting a cumulative effect of the common marital environment. Husbands' and wives' concordance in survival may not only be due to exposure to the same environment during their years of cohabitation, but may also result from "assortative mating." This theory suggests that people with similar characteristics or lifestyles have a greater chance of becoming a couple (Lillard and Panis 1996) . However, our results show that the time spent in union before age 40 also has an influence. Spouses who had lived in cohabitation for a period of 15 years or more lived longer than those whose union was less than 15 years, revealing that sharing a marital environment causes progressive similarities in mortality risk as spouse pairs married for longer periods experienced an increased concordance in their life duration. Another possible explanation for the survival advantage of spouses of centenarians, particularly husbands, lies in the fact that they do not experience an increased risk of mortality associated with the loss of a spouse.
One drawback of this study, as previously discussed, is that we could not include in our analysis all the siblings and spouses of our 806 centenarians, because of a lack of information about their dates of death. However, there is no reason to believe that individuals for whom we did not find the death record differ from those for whom this information is available, and the reasons why we could not find all deaths are identical for both samples. Eventually, additional sources from parish registers will either confirm this hypothesis or eliminate possible bias. Another limitation of this study is the small size of the sample of female spouses of centenarians. In our future work, replication of these results with a larger sample of centenarians should lead us to a better verification of the statistical significance of these observations. This study of survival of siblings and spouses of centenarians leads to several important findings, and is a step closer to understanding the mechanisms modulating the human lifespan. Although our study does not delineate the specific contribution of genes and environmental factors involved in achieving old age, it indicates that the etiology of longevity probably comprises a complex network of interactive genetic, environmental, and possibly stochastic factors. Distinguishing real genetic effects on exceptional longevity is complex, because siblings not only have a similar genetic heritage but also share environmental factors early in life that may have strong effects throughout life. In addition, environment in adulthood plays a major role in survival, and the inclusion of spouses in our analysis provides a means to account for the impact of shared environment in adulthood. Nevertheless, although the environmental component shared by spouses seems primarily responsible for the shared survival advantage up to the mean age at death, it seems to play a less prominent role in achieving the oldest ages. In other words, what appears to allow living until the average age for men is predominantly the result of a shared environment in adulthood, while shared living conditions in childhood and genetics could explain the advantage of brothers of centenarians compared with spouses of centenarians in achieving old ages. These results support the hypothesis that genes may exert a substantial influence on the ability to achieve exceptional old age.
